Introduction
Alkaline phosphatases (APs, EC 3.1.3.1) are found in many organisms, from bacteria to mammals [1] . The enzymes catalyze hydrolyses of various phosphoric monoesters and transphosphorylations of phosphorylated species to other molecules [2] . As one of the most commonly assayed enzymes, serum AP is widely used as a clinical indicator for several diseases, including liver dysfunction, several kinds of cancer, and diabetes [3] [4] . Several assays for the activity of AP have been reported; these generally involve colorimetric, chromatographic, radioactive, or electrochemical approaches. Unlike many of these assays, fluorescence-based methods do not necessarily require the use of radioactive or immunoactive labels, and they are therefore attractive as convenient and reliable procedures for the analysis of AP activity [5] - [7] .
We previously reported that the dinuclear metal complex 1,3-bis[bis(pyridin-2-ylmethyl)amino]propan-2-olato dizinc(II) (Phos-tag) acted as a phosphate-binding tag molecule under near-physiological conditions in aqueous solution at neutral pH values [8] . As a result, a number of original analytical methods that use various Phos-tag derivatives have been developed for research on the phosphoproteome [9] - [12] . In 2009, the phosphate-capturing ability of an aminocoumarin-attached Phos-tag molecule was utilized in the development of a fluorescence resonance energy transfer (FRET) system for the analysis of the dephosphorylation of a fluorescein-labeled phosphopeptide substrate by bovine intestinal AP [13] . The assay is based on the principle that the Phos-tag derivative captures the fluorogenic phosphopeptide in preference to its nonphosphorylated counterpart. The formation of a 1:1 complex between the Phos-tag moiety and the phosphopeptide brings the donor near the acceptor, resulting in FRET with an efficiency that varies from 47% to 86%, depending on the type of peptide sequence. Furthermore, we applied a similar FRET system to an examination of the reverse reaction, phosphorylation, of a fluorescein-labeled peptide substrate by a certain kinase [14] .
To date, several fluorescence-quenching systems that use a fluorophore-quencher (donor-acceptor) pair have been developed for the analysis of biomolecules such as nucleic acids or peptides [15] [16] . If the donor and acceptor molecules approach one another closely, the fluorescence from the donor group is efficiently reduced by the acceptor. In the case, the acceptor is referred to as a "dark quencher" or "black-hole quencher". One of the most commonly used quenchers is the 4-([4-(dimethylamino)phenyl]diazenyl)benzoyl group (Dabcyl), which has a strong absorption in the visible region of the spectrum [17] . In this study, we introduce a novel quencher, Dabcyl-labeled Phos-tag (Dabcyl-Phos-tag, λ max = 475 nm), which preferentially captures the fluorogenic APsubstrate riboflavin 5'-phosphate {1-deoxy-1-(7,8-dimethyl-2,4-dioxo-3,4-dihydrobenzo[g]pteridin-10(2H)-yl)-5-O-phosphono-D-ribitol}, also known as flavin mononucleotide (FMN) [18] , at micromolar concentrations. The emission spectrum of FMN (λ em = 525 nm) efficiently overlaps the absorption spectrum of the Dabcyl group.
As a first practical example of the use of Dabcyl-Phos-tag, we demonstrate the detection of the time-dependent dephosphorylation of FMN by AP under near-physiological conditions. Furthermore, dose-dependent inhibitions of AP activity by the well-known inhibitors vanadate [19] [20] and (6S)-6-phenyl-2,3,5,6-tetrahydroimidazo [2,1-b] [1, 3] thiazole (levamisole) [21] [22] were also examined by using the Phos-tag-based fluorescence quenching system.
Materials and Methods

Materials
)oxy]pyrrolidine-2,5-dione (Dabcyl NHS ester) was purchased from Tokyo Chemical Industry Co., Ltd. (Tokyo, Japan). Disodium 2,2',2'',2'''-(1,2-ethanediyldiammonio) tetraacetate (disodium EDTA) and 2-[4-(2-hydroxyethyl)piperazin-1-yl]ethane-1-sulfonic acid (Hepes) were purchased from Nacalai Tesque, Inc. (Kyoto, Japan).Sodium orthovanadate (Na 3 VO 4 ) was purchased from Calbiochem (La Jolla, CA, USA). Levamisole was purchased from Sigma-Aldrich (St. Louis, MO, USA).FMN monosodium salt (purity >95%) and riboflavin, both of which have the same λ max value of 445 nm (ε = 1.25 × 10 4 M −1
•cm −1 ) in H 2 O [18] , were purchased from Wako Pure Chemical Industries, Ltd. (Osaka, Japan): FMN was used after purification (>99%) by column chromatography on ODS silica gel, Cosmosil 140C 18 -OPN (Nacalai Tesque). Bovine intestinal mucosa AP Type VII-S and bovine kidney AP were purchased from Sigma-Aldrich. One unit of the phosphatase hydrolyzed 1 µmol of 4-nitrophenylphosphate per minute at pH 9.8 and 37˚C.
All aqueous solutions were prepared by using distilled water. All chemical reagents and solvents were of the highest commercial quality and were used without further purification. TLC was performed on TLC silica gel plates 60 NH 2 F 254s (No. 5533; Merck, Darmstadt, Germany) and silica gel column chromatography was performed on silica gel NH-DM 1020 (Fuji Silysia Chemical, Ltd.; Kasugai, Japan).
Apparatus
UV and visible spectra were recorded on a V-630 spectrophotometer (JASCO Corp.; Tokyo, Japan) at 25.0˚C ± 0.1˚C. Fluorescence spectra were obtained with an F-2500 fluorescence spectrophotometer (Hitachi High-Technologies Corp.; Tokyo, Japan) equipped with a 1-cm quartz cell at 25.0˚C ± 0.1˚C. IR spectra were recorded on an FT-710 IR spectrophotometer (Horiba Ltd.; Kyoto, Japan) at room temperature.
1 H (500 MHz) and 13 C (125 MHz) NMR spectra were recorded on a JEOL LA500 spectrometer with a field-gradient unit (JEOL Ltd.; Tokyo, Japan) at 25˚C. Tetramethylsilane (in CDCl 3 ) was used as an internal reference for the NMR measurements. The 1 H and 13 C signals were assigned by means of 1D and 2D ( 1 H COSY, HMQC and HMBC) NMR experiments. The pH measurements were conducted with an F-53 pH meter (Horiba Ltd.; Kyoto, Japan) equipped with a combination pH electrode (Horiba-6378) calibrated by using pH standard buffers (pH 4.01 and 6.86) at 25˚C. HPLC was performed by using an HPLC system (JASCO Corp.) consisting of a column oven (CO-2060), a UV detector (UV-2070), a degasser (DG-2080-53), and two pumps (PU-2080 plus). The flow rate was 1.0 ml/min and the column temperature was 40˚C. Purities of FMN and riboflavin were determined by HPLC with a reverse-phase column (Shiseido CAPCELL PAK C18 UG80, 4.6 × 150 mm; Yokohama, Japan) eluted by a 7:3 mixture of 10 mM phosphate buffer (pH 5.5) and methanol. The retention times for FMN and riboflavin were 2.8 min and 4.2 min, respectively.
Synthesis of the Dabcyl-Labeled Phos-Tag Ligand
An amino-pendent Phos-tag ligand attached to a hydrophilic 15-atom 
nicotinamide, was synthesized as described previously [12] . A solution of Dabcyl NHS ester (185 mg, 0.50 mmol) in CHCl 3 (5 ml) was added to a solution of the amino-pendent Phos-tag ligand (0.35 g, 0.50 mmol) in CHCl 3 (5 ml) at room temperature and allowed to react. The mixture was then stirred gently for 24 h at room temperature. CHCl 3 (50 ml) was added, and the solution was washed with distilled water (2 × 50 mL). The CHCl 3 layer was separated, dried (Na 2 SO 4 ), and concentrated. 
Fluorescence Analysis
All fluorescence measurements were performed in triplicate or more by using an aqueous solution of 10 mM Hepes-NaOH (pH 7.4) containing an appropriate concentration of FMN and 0.10 M NaCl in the absence or presence of the Dabcyl-labeled Phos-tag ligand (micromolar concentrations) and more than two equivalents of ZnCl 2 . The sample solution (3 ml) was continuously stirred at 25.0˚C ± 0.1˚C. Under the experimental conditions, the Phos-tag ligand coordinated almost quantitatively with two equivalents of zinc(II) ion to form its dizinc(II) complex [8] [12] ; this is abbreviated as Dabcyl-Phos-tag throughout this article (for structure, see 
Results and Discussion
Characteristics of Dabcyl-Phos-Tag
Dabcyl-labeled Phos-tag ligand containing a hydrophilic ether linker was synthesized by a coupling reaction of an amino-pendent Phos-tag derivative [12] and an active derivative of Dabcyl acid in 84% yield (see Materials and methods). The solubility of Dabcyl-labeled Phos-tag ligand in an aqueous solution (pH 7.4, 10 mM HepesNaOH, 0.10 M NaCl) was determined to be 15 µM at 25˚C. The addition of 1.0 mM ZnCl 2 to form the dizinc(II) complex of the Phos-tag ligand resulted in an increase in the solubility to 92 µM in the same buffer solution; this was sufficient to permit fluorescence analysis without the need for an organic solvent such as ethanol. The structure of the dinuclear zinc(II) complex (Dabcyl-Phos-tag) is shown in Figure 1 . The UV-visible absorption spectrum of Dabcyl-Phos-tag (15 µM) in a buffer solution (pH 7.4) containing 10 mM Hepes-NaOH, 0.10 M NaCl, and 50 µM ZnCl 2 at 25˚C is shown in Figure 2 •cm −1 [18] ) is much smaller than that of Dabcyl-Phos-tag, whereas the UV absorption intensity of FMN at around 350 nm is stronger than that of Dabcyl-Phos-tag. The fluorescence spectrum (λ em = 525 nm) of FMN therefore shows a considerable overlap with the strong visible absorption band of Dabcyl-Phos-tag. These spectrophotometric data led us to develop a novel application of the phosphate-binding quencher, Dabcyl-Phos-tag and the fluorogenic AP-substrate, FMN.
Analysis of the Phos-Tag-Based Fluorescence Quenching System
We conducted the quenching analysis by using Dabcyl-Phos-tag and FMN in an aqueous solution (pH 7.4; 10 mM Hepes-NaOH, 0.10 M NaCl) at 25˚C. The test solution (3.0 ml) contained 13.5 µM Dabcyl-labeled Phostag ligand, 0.10 mM ZnCl 2 , and an appropriate concentration of FMN (0 -32 µM). Reference experiments were performed with the addition of EDTA (2.0 mM) as a strong chelator of zinc(II) that can remove the zinc(II) ion from the Phos-tag molecule [12] . The fluorescence intensities (FI, arbitrary unit) at 530 nm with excitation at 350 nm are shown in Figure 3 . For the zinc(II)-bound condition (Figure 3(a) ), obvious quenching was observed up to one equivalent of FMN (13.5 µM); further addition of FMN (≥16 µM) resulted in a dose-dependent increase in the fluorescence intensity. Therefore, the fluorescence quenching is stoichiometric and results from the formation of a 1:1 complex between Dabcyl-Phos-tag and FMN under the experimental conditions.
No such quenching was observed in a reference experiment conducted in the presence of an excess of EDTA (Figure 3(b) ), where the fluorescence intensity increased linearly with increasing concentration of FMN (0 -20 µM). The slope of the fluorescence intensity in Figure 3(b) is almost the same as that in Figure 3(a) over the FMN concentration range 16 -32 µM. The quenching efficiency of a mixture of 13.5 µM Dabcyl-Phos-tag and 12 µM FMN was more than 95% in comparison to the fluorescence intensity of the reference experiment using the same concentration of FMN. Furthermore, a mixture of the dephosphorylated counterpart, riboflavin (1 -10 µM), and 13.5 µM Dabcyl-Phos-tag showed no quenching under the same experimental conditions. The donor-to-acceptor distance for an efficient fluorescence quenching system should be in a range 1 to 10 nm [23] . The distance between the flavin moiety and the Dabcyl group in the 1:1 complex of FMN and Dabcyl-Phos-tag is less than 3 nm, as shown by the general molecular model (see Figure 1) . These results clearly demonstrate that efficient quenching of FMN is caused by the coordination of phosphate to the zinc(II) ions of Dabcyl-Phos-tag. From the fluorescence intensities of equimolar amounts (13.5 µM) of FMN and Dabcyl-Phos-tag in the absence (FI = 30) and the presence (FI = 340) of EDTA, and the base-line FI value of 10, extrapolated from the fluorescence-response curve (see Figure 3(a) 
Methods for Releasing FMN from Its Dabcyl-Phos-Tag Complex
We recently reported that the rapid equilibrium involved in the binding of a phosphorylated peptide to a fluorogenic Phos-tag molecule can be applied in real-time analyses of phosphatase and kinas profiles on a time scale of minutes [13] [14] . If the change in the binding level of FMN to Dabcyl-Phos-tag is as fast as that for the previous Phos-tag system, the fluorescence quenching system might be suitable for a novel real-time analytical method that uses as an index the amount of Phos-tag-bound FMN. In relation to the dissociation kinetics of the Dabcyl-Phos-tag complex with FMN, there are three possible routes for the release of FMN, as shown in Figure  1 . In route (i), the FMN molecule is replaced by another phosphate moiety, such as an inorganic pyrophosphate, to form a pyrophosphate-bound Dabcyl-Phos-tag molecule. In route (ii), the zinc(II) ions of the Dabcyl-Phostag are removed by incubation with a strong chelating reagent such as EDTA to give the metal-free Phos-tag ligand. In route (iii), the 5'-phosphate group of FMN is eliminated by a phosphatase to form riboflavin and an inorganic phosphate.
First, we examined the rate of the phosphate-exchange reaction for the FMN-bound Dabcyl-Phos-tag in the presence of large excesses of sodium pyrophosphate at 25˚C [route (i) in Figure 1] . A sample solution (3.0 ml) containing 14 µM FMN, 13.5 µM Dabcyl-Phos-tag (13.5 µM ligand, 50 µM ZnCl 2 ), 0.10 M NaCl, and 10 mM Hepes-NaOH (pH 7.4) was prepared and loaded into the fluorescence spectrophotometer with stirring. Immediately after injection of 0.10 M aqueous sodium pyrophosphate (pH 7.4, 0.16 ml; final concentration 5.1 mM) to the sample solution, the fluorescence at 530 nm was measured for 5 min. The fluorescence intensity initially increased rapidly, reaching a plateau within 2 s, the final value of which was equal to that for 100% release of FMN in bulk solution. The rapid increase in fluorescence showed that the phosphate-exchange reaction occurs on a time scale of seconds under the experimental conditions.
To study route (ii), we conducted the same kinetic experiment except that a 0.10 M aqueous solution of EDTA (pH 7.4, 0.16 ml; final concentration = 5.1 mM) was used instead of the pyrophosphate solution. The fluorescence intensity once more increased gradually as a result of demetalation by the EDTA. The time for 50% release of FMN was 32 s, which was much slower than that for the pyrophosphate-exchange reaction in route (i). Subsequently, the fluorescence intensity increased gradually and reached the same plateau value as that for route (i), showing the zinc(II)-chelating ability of EDTA is much stronger than that of the Phos-tag ligand under the experimental conditions. The rates of phosphate release by routes (i) and (ii) should be useful for optimizing an experimental protocol to recover an intact phosphoric monoester from its Phos-tag complex. In the next section, we describe route (iii) through AP reaction.
Real-Time Analysis of FMN Dephosphorylation by AP
Next, we used our Phos-tag-based fluorescence quenching system to study the kinetics of the dephosphorylation of FMN by an AP [see route (iii) in Figure 1] . A real-time analysis of the dephosphorylation of FMN was performed by using a 1-cm quartz cell with stirring at 25˚C for 20 min. The reaction mixture (3 ml) contained 3.0 µM FMN, 4.5 µM Dabcyl-Phos-tag (4.5 µM ligand and 30 µM ZnCl 2 ), 0.10 M NaCl, 1.0 mM MgCl 2 , and 10 mM Hepes-NaOH (pH 7.4). The dephosphorylation reaction was initiated by the injection of an appropriate amount of bovine intestinal mucosa AP. Immediately, the fluorescence intensity at 530 nm increased in a time-dependent manner and was subsequently measured at 10 s interval over 20 min. The change in sample volume as a result of the injection of the enzyme solution was less than 1%. The rate of the dephosphorylation increased with increasing concentration of the AP. Typical fluorescence changes in the presence of four concentrations of the AP (0.23, 0.45, 0.91, and 1.8 units/ml) are shown in Figure 4 . HPLC analysis confirmed that riboflavin (dephosphorylated FMN) was the final product formed by treatment with the AP, and that no other flavin derivatives were present. The enhancement in fluorescence resulting from the elimination of the 5'-phosphate group from FMN was more than 18-fold. The dephosphorylation reaction progressed according to pseudo-first-order kinetics until the fluorescence intensity reached about half the final plateau value. The initial rates of the dephosphorylation were almost proportional to the amount of AP. From the change in the time course of the fluorescence intensity in the presence of 0.91 units/ml of AP, the half-life times of the dephosphorylation reaction was estimated to be 4 min. Furthermore, no fluorescence enhancement was observed in a reference experiment in the absence of the AP under the same conditions (diamonds; Figure 4) . The fluorescence change is therefore consistent with time-dependent dephosphorylation of FMN to produce stoichiometric amounts of inorganic phosphate and riboflavin. Consequently, this fluorescence quenching system can be used to assay the activity of APs under near-physiological conditions. 
Phosphatase Inhibition Profiling by Using the Dabcyl-Phos-Tag Quenching System
To test the possibility of using the Phos-tag-based fluorescence quenching system as a novel screening method for the discovery of AP inhibitors, we examined the inhibition of bovine intestinal mucosa AP (0.18 units/ml) by two typical inhibitors (vanadate and levamisole) in a similar real-time procedure to that described in the previous section. Inhibition assays were performed at pH 7.4 in the presence of vanadate ion as a competitive inhibitor or a levamisole (monoprotonated form) as a noncompetitive inhibitor. The time-course changes in the fluorescence intensity at 530 nm were monitored continuously until ~10% of the FMN was hydrolyzed. The residual activity ratios (%) were evaluated from the initial rates of the FMN-dephosphorylation reaction in the absence and presence of the inhibitor. The dephosphorylation rate decreased in a dose-dependent manner with vanadate anion. The inhibition curve shown in Figure 5(A) (open squares) is a plot of residual phosphatase activity against the concentration of the inhibitor on a logarithmic scale. From the resulting sigmoidal inhibition curve, we evaluated the half maximal inhibitory concentration (IC 50 ) of vanadate to be 0.12 µM at pH 7.4. The reported IC 50 values for vanadate anion in vitro are 0.5 µM for an AP from human small-intestinal mucosa at pH 9.0 [20] and 2.5 µM for an AP from Escherichia coli at pH 8.0 [19] , both determined by means of a spectrophotometric kinetic assay with 4-nitrophenyl phosphate as a substrate. Differences in the IC 50 values appeared to reflect the use of different isoenzymes and/or substrates and differences in components such as the buffer or additional salt. For levamisole, no inhibition of the AP from bovine intestinal mucosa was observed up to a concentration of 1 mM. The organ specificity of levamisole had been previously examined for various human AP isoforms. The study showed that AP isoforms from the liver, kidney, and spleen were more strongly inhibited (IC 50 = ~10 µM), whereas those from the intestine and placenta were much more weakly inhibited (IC 50 > 1 mM) [21] . We therefore conducted a similar inhibition experiment with another AP from bovine kidney. Figure 5(B) shows the resulting inhibition profile with 0.16 units/ml of the kidney isoform of AP in the presence of various concentrations of levamisole. A similar dose-dependent inhibition, with an IC 50 value of 22 µM, was observed. In addition, we evaluated the IC 50 value of the kidney isoform for vanadate anion to be 1.0 µM (open circles in Figure 5(A) ), a weaker inhibition effect than that for the intestinal isoform (open squares in Figure 5(A) ). Therefore, the Dabcyl-Phos-tag quenching system using FMN, which can act as a substrate for AP, might be useful in a simple preliminary screening procedure for novel inhibitors of APs in aqueous solution at pH 7.4.
Conclusions
We have developed a novel application of the Phos-tag-based fluorescence quenching system in the analysis of the activity of AP in the dephosphorylation of FMN under conditions that are as close as possible to physiological ones. For this system, we synthesized Dabcyl-Phos-tag, consisting of a phosphate-binding tag molecule (Phos-tag) attached to a Dabcyl group. The Phos-tag derivative preferentially captured FMN, resulting in efficient quenching of the fluorescence of the flavin moiety. This quenching system was used in continuous monitoring of the phosphorylation status of FMN in the presence of AP. In addition, inhibition assays were used to assess the IC 50 values of vanadate and levamisole in phosphatase reactions for two kinds of AP isoenzyme. The quenching system has the following significant advantages. a) The analysis is a relatively simple procedure involving three aqueous solutions of Dabcyl-Phos-tag, FMN, and AP, respectively. b) It is not necessary to label the AP substrate with a radioactive isotope of phosphorus or to use an artificial fluorophore. c) Real-time analysis of the FMN-dephosphorylation reaction is possible without multiple sampling. d) The total analysis time is less than 15 minutes. e) Finally, the sample volume can be reduced to sub-milliliter quantities.
Thus, the principle of this Phos-tag-based fluorescence quenching system can be applied in simple and reliable profiling of AP to identify inhibitors (or activators) or to analyze their activities and requires only a standard laboratory fluorescence spectrometer.
